a Sea of chaNge abStr act. The Ross Sea, the most productive region in the Antarctic, reaches farther south than any body of water in the world. While its food web is relatively intact, its oceanography, biogeochemistry, and sea ice coverage have been changing dramatically, and likely will continue to do so in the future. Sea ice cover and persistence have been increasing, in contrast to the Amundsen-Bellingshausen sector, which has resulted in reduced open water duration for its biota. Models predict that as the ozone hole recovers, ice cover will begin to diminish. Currents on the continental shelf will likely change in the coming century, with a projected intensification of flow leading to altered deep ocean ventilation. Such changes in ice and circulation will lead to altered plankton distributions and composition, but it is difficult at present to predict the nature of these changes. Iron and irradiance play central roles in regulating phytoplankton production in the Ross Sea, but the impacts of oceanographic changes on the biogeochemistry of iron are unclear. Unlike other Southern Ocean regions, where continental shelves are very narrow and Antarctic krill dominates the herbivorous fauna, the broad shelf of the Ross Sea is dominated by crystal krill and silverfish, which are the major prey items for higher trophic levels. At present, the Ross Sea is considered to be one of the most species-rich areas of the Southern Ocean and a biodiversity "hotspot" due to its heterogeneous habitats. Despite being among the best-studied regions in the entire Southern Ocean, accurate predictions of the impacts of climate change on the oceanography and ecology of the Ross Sea remain fraught with uncertainty. 
The Ross Sea is also considered to be the least human impacted continental shelf on Earth, at least in terms of its biota (Halpern et al., 2008) 78°   164°  168°  172°  176°  180°  -176°  -172°  -168°  -164°  -160°  -156°  -152°C   ontour Interval = 100 m  Data from: ETOPO1   0  400  800  1200  1600  2000  2400  2800  3200  3600 Thereafter, the Antarctic Circumpolar Current hugs the continental slope of the Amundsen-Bellingshausen Seas (Orsi et al., 1995) , allowing the uninterrupted surge of Circumpolar Deep Water (> 1°C) over the bottom layer of the shelf (Jacobs et al., 1996) . That is not the case over the ~ 466,000 km 2 of Ross Sea shelf, where only thin layers of upwelled deep water are observed at intermediate depths (Orsi and Wiederwohl, 2009 ). However, on-shelf transport of Circumpolar Deep Water is critical to the heat and salt budgets, regional sea ice cycle, and primary productivity of the Ross Sea, as it is the oceanic source of heat and nutrients .
Unlike in the Southeast Pacific, the major dynamical obstacle to rising waters is the abrupt poleward-diving of isopycnals found over the Ross Sea upper continental slope (Ainley and Jacobs, 1981) , and the westward sweep near the shelf break of the Slope Current that carries a thick layer of cold and fresh Antarctic Surface
Water (Whitworth et al., 1998) .
Antarctic Surface Water enters the Ross Sea around Cape Colbeck as part of a narrow coastal flow that, in addition to importing sea ice and icebergs, also incorporates continental meltwater derived from sea ice-air interactions farther upstream (Jacobs et al., 1985) . This strong boundary current continues west- (Ainley and Jacobs, 1981) .
Poleward extensions of Modified
Circumpolar Deep Water are apparent along and over the western side of banks (Orsi and Wiederwohl, 2009 ). After gradual attenuation and thinning along a ~ 300 km transit toward the RIS, the most conspicuous and persistent of these inflows appears to enter the sub-ice cavity near 173°W as a subsurface "warm"
(> -1.5°C) core (Jacobs and Giulivi, 1998 (Orsi et al., 1999; Gordon et al., 2004 (Orsi et al., 2002) .
biogeochemical cycleS
Waters over the Ross Sea continental shelf are among the most productive in the Southern Ocean, sustaining annual primary production of ca. 23.4 ± 9.98 Tg C yr -1 (Arrigo et al., 2008a ). Despite high rates of primary production, macronutrients (nitrate, phosphate, and silicate) are rarely depleted from surface waters during the growing season; thus, the region may be described as a "high nutrient, high chlorophyll" regime (Smith and Gordon, 1997; Arrigo et al., 2008a) . Moreover, primary production in the southern Ross Sea appears to be characterized by relatively high export efficiencies, perhaps facilitated by the formation of organic figure 2. mean ice concentrations in the ross Sea during November, december, January, and february (a,c,e,g) and composite chlorophyll a concentrations during the same months (b,d,f,h), using data from both from the SeaWifS and modiS satellites during 1997-2011. black represents ice or cloud cover.
aggregates (Asper and Smith, 2003) , with estimated f-ratios of around 50% (Asper and Smith, 1999) . (The f-ratio is the ratio of nitrate-based production to total production.) These high export efficiencies, and the importance of the Ross Sea as an area of deepwater formation (see earlier Physical Oceanography section), suggest that the Ross Sea plays a significant role in the Southern Ocean carbon cycle, specifically by serving as a major regional oceanic CO 2 sink (Arrigo et al., 2008b ).
The high rates of primary and export production in the Ross Sea also assign the region an important role in the regional cycling of other bioelements.
Phytoplankton composition has been
shown to affect the relative concentrations of dissolved inorganic carbon, nitrogen, and phosphorus in surface waters (Arrigo et al., 1999; Sweeney et al., 2000) . In turn, these factors influence the carbon and nutrient characteristics of the shelf waters that contribute to oceanic deep waters (Orsi and Weiderwohl, 2009) , and, ultimately, to the air-sea exchange of CO 2 . The Ross Sea also constitutes a significant regional sink for silicic acid as a result of the preferential burial of diatom-derived opal, relative to organic carbon, in sediments that accumulate on the inner shelf (Nelson et al., 1996) . Finally, the Ross Sea continental shelf is thought to be a major source of the climatically active compound dimethylsulfide to the atmosphere (DiTullio and Smith, 1995) . This of dissolved iron is depleted from surface waters during the growing season (Sedwick et al., 2000; Coale et al., 2003) .
However, more recent observations suggest that iron limitation can develop rapidly during the late spring, implying that continued growth and biomass accumulation during the summer months requires inputs of "new" iron to surface waters during summer (Peloquin and Smith, 2007; Sedwick et al., 2011) .
pl aNktoN dyNamicS
Studies of phytoplankton in the Ross
Sea have been as intensive as anywhere in the Southern Ocean. Smith and Gordon (1997) found Ross Sea biomass to be elevated by mid-November, and growth was proceeding rapidly by that time; they extrapolated back in time to suggest that growth was initiated in late October, which was later confirmed by direct observations . Although satellite observations of ocean color during this period are often obscured by clouds, those data also confirm that chlorophyll begins to increase in November (Arrigo and van Djiken, 2004 (Arrigo et al., 1999) .
While this pattern is relatively predictable, significant interannual variations in the contribution to total biomass have been noted (Smith et al., 2006 (Smith et al., , 2011a .
This regular seasonal succession imposes constraints on biogeochemical cycling because the two dominant functional groups have markedly different elemental ratios and roles in food webs;
P. antarctica has a C:N:P ratio of approximately 139:19:1, whereas diatoms have ratios of 76:12:1 (Arrigo et al., 2000) . Furthermore, these ratios are retained in material that sinks to depth, thus potentially impacting deepwater concentrations of nutrients and sediments . the Ross Sea, despite high regional primary production, was ~ 15% that of the Scotia Sea. Tagliabue and Arrigo (2003) suggested that Ross Sea zooplankton were anomalously low as a result of the decoupling of grazers and phytoplankton growth, but this hypothesis has not been empirically tested. Sediment traps have collected substantial numbers of mesozooplankton fecal pellets, which at times comprise 100% of the flux (Smith et al., 2011b) , suggesting that mesozooplankton ingestion in the surface waters can at times be substantial. Ainley et al. (2006) proposed that the low mesozooplankton abundance was the result of a trophic cascade centered around the unusually high abundance of meso-and apex predators, many of which feed heavily on krill or on small fish that feed principally on krill. The resulting paucity of krill leads to reduced grazing on diatoms.
Antarctic krill (Euphausia superba) are largely absent from the inner continental shelf, but occur in the outer portions of troughs and near the shelf break; conversely, the reciprocal pattern is seen in crystal krill (E. crystallorophias), which occur throughout the inner shelf region (Sala et al., 2002) .
higher trophic leVelS aNd ecology
The Ross Sea benthic biota is considered to be one of the most species-rich in the Southern Ocean and a biodiversity "hotspot" (Clarke and Johnston, 2003) .
Of the few thousand species known from the Antarctic, more than 400 were first described from the Ross Sea, 40 of which are endemic, including mainly fish and invertebrates (Ainley et al., 2010a) . The reasons for this richness likely stem from the diversity of habitats as defined by depth and currents (Barry et al., 2003) .
In addition, the northwest corner of the shelf, unlike other Antarctic shelves, was ice-free during past glaciations. On the basis of bottom samples, Bullivant (1967) divided the fauna broadly into five com- (Budillon et al., 2011 ). Indeed, 50 years (1958 of summer measurements in the Ross Sea reveal widespread freshening (Jacobs and Giulivi, 1998, 2010) SAM values, and this will likely continue to modify deep ocean ventilation until the ozone hole completely disappears (Jacobs and Giulivi, 2010) .
Given the projected changes in both atmospheric and oceanic temperatures, it is expected that changes in the sea ice of the Southern Ocean eventually will parallel those observed in the Arctic, with reduced sea ice concentrations over broad scales, especially as stratospheric ozone concentrations recover (Thompson and Solomon, 2002) .
Recently, there has been a slight increase in sea ice extent over the entire Southern
Ocean, a trend driven by increases in the Ross Sea sector that are greater than the losses in the Southwest Atlantic (Comiso, 2010) . These patterns are projected to continue for the next few decades . However, as global temperatures continue to rise, ice concentrations in the Ross Sea will eventually start to decline. Presently observed changes have exhibited substantial variations in space (Parkinson, 2002; Stammerjohn et al., 2008) Ocean (Thompson and Solomon, 2002) .
As a result, coastal polynyas became larger and more prevalent in the Ross Sea (Parkinson, 2002) , which is favorable to penguin foraging efficiency and leads to increasing populations . Changes in the nearshore benthic communities were related to a lessening in the formation of anchor ice (Dayton, 1989) . At a smaller temporal scale, a number of Ross Sea vertebrate species (e.g., penguins and seals) have shown correlations of life history parameters with the El Niño-Southern Oscillation cycle (Testa et al. 1991; Wilson et al., 2001; Barber-Meyer et al., 2008; Rotella et al., 2012) (Ballard et al., 2011) .
At the same time, the increasing winds led to expansion of the largescale sea ice field in the Ross Sea sector . Modeling indicates that these changes resisted the general warming of the Southern Ocean (Jacobs, 2006) and will continue for the next few decades .
One factor facilitating the expanding ice in the Ross Sea sector is increased Ekman transport of ice northward resulting from increased westerly winds over the Antarctic Circumpolar Current.
However, as ocean warming continues, sea ice will eventually begin to retreat in the Ross Sea sector (Turner et al., 2009 
